Most flavonoids found in plants exist as glycosides, and glycosylation status has a wide range of effects on flavonoid solubility, stability, and bioavailability. Glycosylation of flavonoids is mediated by Family 1 glycosyltransferases (UGTs), which use UDP-sugars, such as UDP-glucose, as the glycosyl donor. AtGT-2, a UGT from Arabidopsis thaliana, was cloned and expressed in Escherichia coli as a gluthatione S-transferase fusion protein. Several compounds, including flavonoids, were tested as potential substrates. HPLC analysis of the reaction products indicated that AtGT-2 transfers a glucose molecule into several different kinds of flavonoids, eriodictyol being the most effective substrate, followed by luteolin, kaempferol, and quercetin. Based on comparison of HPLC retention times with authentic flavonoid 7-O-glucosides and nuclear magnetic resonance spectroscopy, the glycosylation position in the reacted flavonoids was determined to be the C-7 hydroxyl group. These results indicate that AtGT-2 encodes a flavonoid 7-O-glucosyltransferase.
Flavonoids are secondary metabolites found in plants. They play a variety of roles such as UV protection, 1, 2) pathogen defense 3, 4) and coloration. 5) Flavonoids also have an effect on humans as antioxidants or phytoestrogen. 6, 7) Many flavonoids share a common phenyl benzopyrane skeleton and differ from one another only by the numbers and positions of hydroxyl or methylated functional groups. 8) The flavonoid aglycones, which have a variety of glycosylation sites, are converted into glycon by glycosyltransferases (GTs) in the last step of flavonoid biosynthesis. Flavonoids are stored as glycon forms. 9, 10) GTs responsible for the glycosylation reaction are categorized into 78 families according to sequence similarity, signature motifs, stereochemistry of the glucoside linkage, and target specificity. 11) Among the 78 families, GT Family 1 consists of uridine-diphosphate glucose (UDP) glycosyltransferases (UGTs), 12) and the glucose donors for Family 1 GTs include not only UDP-glucose, but also UDP-glucuronic acid, UDPxylose, UDP-galactose, and UDP-rhamnose. UGT acceptors include small compounds including flavonoids, alkaloids, and hormones. Arabidopsis contains 120 UGTs, 13) and functional analysis of the individual genes associated with these UGTs is progressing with the help of genomics and metabolomics. 14) In vivo studies of individual UGTs is not an easy task due to the diversity of metabolites and the overlapping functions of different UGTs. 15) In vitro studies provide clues as to which metabolites are observed during in vivo analysis, and thus in vitro analysis of UGTs proceeds with in vivo. We were interested in functional analysis of Arabidopsis UGTs. As an initial step, we carried out in vitro analysis of one of the UGTs, AtGT-2 and determined the substrate of AtGT-2.
Materials and Methods
Cloning and expression of AtGT-2. A full length cDNA clone of AtGT-2 (At4g34138) was obtained from the Arabidopsis Stock Center and sequencing was performed to verify the cDNA identity. The AtGT-2 cDNA was digested with EcoRI and Not I, and subcloned into the corresponding sites of a pGEX 5X-2 vector (Amersham Biotech, Piscataway, NJ) as a glutathione S-transferase (GST) gene fusion system. Induction and purification of the expressed protein was performed as described in Kim et al.
16)
Enzyme assay and analysis of reaction products. The UGT assay contained a reaction mixture of 10 mg of recombinant protein, 250 mM MgCl 2 , 250 mM UDPGlucose, and 70 mM substrate in phosphate buffer (pH 7.0). The substrates analyzed were apigenin, caffeic acid, diadzein, eriodictyol, esculetin, genistein, kaempferol, luteolin, naringenin, and quercetin, all of which y To whom correspondence should be addressed. Fax: +82-2-3437-6106; E-mail: jhahn@konkuk.ac.kr were purchased from either Indofinechemicals (Hillsborough, NJ) or Sigma (St. Louis, MO). The reaction mixture was incubated at 37 C for 3 h and extracted twice with ethylacetate, and then the ethylacetate was evaporated completely. The reaction product was dissolved with methanol and analyzed by thin layer chromatography (TLC, MERCK, silica gel 60F254) using a butanol-acetic acid-water mixture (5:3:1, v/v/ v). Plates were visualized by UV.
Reaction products and flavonoid substrates were analyzed using a Varian HPLC (Series 100, Palo Alto, CA) equipped with a photo diode array (PDA) detector and a Waters Symmetry C18 column (3.5 mm particle size, 4:6 Â 250 mm, Milford, MA). For generation of an analytical scale, the mobile phase consisted of 50 mM potassium phosphate buffer (pH 3.0) and was programmed as follows: 20% acetonitrile at 0 min; 40% acetonitrile at 10 min; 70% acetonitrile at 20 min; 90% acetonitrile at 30 min; 90% acetonitrile at 35 min; 20% acetonitrile 40 min. The flow rate was 1 ml/min and UV detection was performed at 270 nm.
Nuclear magnetic resonance spectroscopy (NMR) analysis of the reaction product was performed as described by Yoon et al.
17)

Results and Discussion
Cloning and characterization of AtGT-2 Following the completion of several genome projects for various organisms, a number of websites that deal with particular sets of genes have appeared. The CAZY website (carbohydrate-active enzymes; http://afmb.cnrsmrs.fr/CAZY) provides classification of GTs from several organisms, and according to the CAZY database, A. thaliana contains 122 UGTs. Because we are interested in flavonoid glycosylation of A. thaliana, A. thaliana UGTs sequences were compared with flavonoid 7-O-glycosyltransferases from Scutellaria baicalensis, 18) and AtGT-2 showed the highest homology with the compared sequence. A full-length cDNA clone was obtained from the Arabidopsis Gene stock center and sequenced for verification. The sequence was consistent with GenBank accession no. AY090273 and was named AtGT-2. The clone was further classified as UGT73B1 based on the UDP-glycosyltransferase annotation system. 19) The open reading frame of AtGT-2 consisted of 1,467 bp and was predicted to encode a 54.8 kDa protein.
AtGT-2 contained an amino acid sequence among plant secondary product glucosyltransferases (PSPG box, Fig. 1 ). It had sequence similarities of 44.2% with betanidin-5-O-glucosyltransferase from Dorotheanthus bellidiformis, 20) 43.8% with flavonoid 7-O-glucosyltransferase from Scutellaria baicalensis, 18) and 42.1% with anthocyanin 3 0 -O-glucosyltransferase from Gentiana triflora (Fig. 1 ). 21) AtGT-2 was expressed in the root, stem, flower, and leaf tissue of Arabidopsis, although expression was higher in the flowers and leaves than in roots and stems (data not shown).
Determination of substrate and analysis of reaction product
The open reading frame of AtGT-2 was subcloned into pGEX 5X-2 vector and expressed in E. coli as a gluthatione S-transferase fusion protein. The recombinant AtGT-2 protein was purified. The molecular weight of the expressed recombinant protein was approximately 82 kDa, consistent with the molecular weight sum of GST (26 kDa) and AtGT-2 (54.8 kDa) (Fig. 2) . Several compounds, including caffeic acid, esculetin, and several flavonoids (apigenin, eriodictyol, luteolin, kaempferol, naringenin, and quercetin) were tested as potential substrates for AtGT-2. The reaction products were initially analyzed by thin layer chromatography (TLC). All the substrates, except for caffeic acid, and esculetin gave a new product with a different R f value than the substrate. Reaction products were further analyzed with HPLC, and each product produced a peak having a different retention time from the substrate. In order to decide the number of glucose molecules added during the reaction, the products from apigenin, naringein, eriodictyol, and kaempferol were subject to liquid chromatography-mass spectrometry (LC-MS). The molecular mass of four reaction products increased 162 Da relative to the original substrates, indicating that one glucose molecule was attached during the reaction.
The glucosylation positions of reaction products were determined by three methods: comparison of HPLC retention time and UV spectra with authentic flavonoid glucosides, change in hypsochromic shift in the reaction product, and NMR spectroscopy. The commercial availability of flavonoid glucosides is limited, and hence the comparison of retention time and UV-spectra was carried out only where authentic flavonoid glucosides were commercially available. Additional assignments were made by hypsochromic shift data based on the observation that a shift occurs only when the glycosylated positions were either at the C-3 or the C-4 0 hydroxyl group of flavone or flavonol; in contrast, glycosylation at the 7-hydroxyl group does not result in a hypsochromic shift. 20, 22) The retention times of the reaction products from apigenin and eriodictyol were 7.43 min and 6.43 min respectively. The retention times were similar to those of authentic compounds corresponding 7-O-glucoside. In addition, UV spectra of the reaction products from apigenin and eriodictyol were indistinguishable from that of the corresponding authentic 7-O-glucoside (Fig. 3B, D) , indicating that AtGT-2 transferred a glucose molecule to the 7-hydroxyl group of the two flavonoids. Two more commercially available flavonoid 7-O-glucosides, luteolin 7-O-glucoside and naringenin 7-O-glucoside, were purchased and used to confirm the glucosylation position of the reaction products. The retention times and UV spectra of the two flavonoid 7-O-glucosides were similar to those from the corresponding reaction products (data not shown). To further confirm the glucosylation position, the reaction product of eriodicytiol was subjected to NMR analysis. Eriodictyol 7-O-glucoside is commercially available, and hence the associated 1 H NMR data was compared with those of the AtGT-2 eriodicytiol reaction product. As shown in Table 1 , the chemical shifts of eriodictyol 7-Ogoucoside and the reaction product were identical. Together, the data indicate that the position of glycosylation is determined as the hydroxyl group of carbon 7.
Glucosylation positions of the kaempferol and quercetin reaction products were assigned based on the hypsochromic shift data. The maximum absorbances of kaempferol were 265.8 and 366.9 nm, and those of the kaempferol reaction product were 265.7 and 366.0 nm. The lack of a hypsochromic shift between substrate and reaction product strongly suggested that glycosylation occurred at the hydroxyl group of C-7. Likewise, quercetin as well was likely to be glucosylated at the hydroxyl group of C-7. The relative conversion rates of a variety of flavonoid substrates catalyzed by AtGT-2 were also determined. Of the substrates analyzed, eriodictyol was identified as the best substrate, followed by luteolin, kaempferol, naringenin, and quercetin (Table 2) . AtGT-2 preferred flavanone to flavone or flavonol, both of which contain a double bond in the C ring. In addition, the K m and V max values of AtGT-2 for eriodictyol, kaempferol, and quercetin were determined using Lineweaver-Burk plots (Table 3 ). AtGT-2 had a lower K m value and higher V max for eriodictyol than for kaempferol or quercetin. These data are consistent with the relative conversion rates for the three flavonoids.
A. thalina contains kaempferol and quercetin 7-Orhamnosides, 15, 23) and while there has been no report to date that A. thaliana contains a flavonoid 7-O-glucoside, our data indicate that the in vivo function of AtGT-2 is indeed to transfer a rhamnose to kaempferol and/or quercetin. We were unable to determine whether AtGT-2 uses UDP-rhamnose, since the substrate is not commercially available; however, even though AtGT-2 might prefer UDP-rhamnose to UDP-glucose, the regioselectivity of AtGT-2, regardless of the sugar donor, would not change.
Flavonoid 7-O-glucosyltransferases from Scutellaria bacicalensis (UBGT), Glycyrrhiza echinata (UGT73-F1), and Allium cepa (UGT73J1) have been also cloned and characterized. UBGT showed regiospecificity for baicalein, the major flavonoid found in S. bacicalensis, 18) despite an in vitro preference for kaempferol. The substrate of UGT73F1, an isoflavonoid formonetin, was A, Authentic apigenin 7-O-glucoside (S1) and apigenin (S2). B, Reaction product of apigenin (P1) with AtGT-2. S3 is not a metabolized substrate (apigenin). C, Authentic eriodictyol 7-Oglucoside (S4) and eriodictyol (S5). D, Reaction product of eriodictyol (P2) with AtGT-2. S6 is not a metabolized substrate (eriodictyol). Insets in B and D are comparisons of UV-spectra between authentic compounds and reaction products. the major flavonoid constituent of G. echinata, and UGT73F1 has only minimal activity toward flavonoids such as quercetin and kaempferol. 24) Recombinant UGT73J1, whose primary substrate is the isoflavon genistein, is capable of using quercetin 3-O-glucoside to produce quercetin 3, 7-O-diglucoside, 22) and while genistein is not found in A. cepa, mono-or diglycosides of quercetin are commonly found. Thus it is not surprising that the in vitro substrate specificity of UGTs can differ from the in vivo specificity. The substrate discrepancy of flavonoid 7-O-glucosyltransfereases might be due to the tagging system used to express it in E. coli and a lack of posttranslational modification. Differences of kinetic parameter and substrate between the recombinant protein and the native protein were found in flavonoid O-methyltransferase. 25) A more effective method to examine the properties of UGTs would be to purify the UGT of interest, but some UGTs involved in secondary metabolism are known to be unstable enzymes existing in plants in limited Enzyme assays were carried out using purified AtGT-2 (9 to 23 mg), substrate (10 to 100 mM), and UDP-glucose (500 mM). Reaction mixtures were incubated at 37 C for 30 min.
quantities. 26) While purification is often difficult and time-consuming, the use of a heterologous expression system to study the function of UGTs provides at least a guide as to which metabolites should studied in further in vivo analyses.
Biotransformation of eriodictyol using E. coli expressing AtGT-2
Regioselective glycosylation of flavonoids with whole cells expressing UGT is also possible.
27) Such a system is capable of providing a diverse range of glucosides using UGTs from various sources without the need for addition of the expensive cofactor UDP-glucose, which is endogenously available. In the present study, the conversion of eriodictyol using the whole E. coli cells expressing AtGT-2 was investigated. Two hundred mM of eriodictyol was added to culture media containing E. coli expressing AtGT-2. Analysis of the substrate and product indicated that the concentration of eriodictyol continued to decrease while the amount of reaction product increased. All of the added eridictyol was converted into eridicyol 7-O-glucoside within 9 h, while E. coli containing the empty vector was unable to metabolize eriodictyol (Fig. 4) . Thus glycosylation of a flavonoid using E. coli expressing UGT was achieved. With a myriad of UGTs from several organisms, it might be possible to randomize the glycosylation position of a small chemical for pharmaceutical purposes.
